Changes in the workforce during the civil rights movement may have impacted occupational exposures in the United States. We examined Savannah River Site (SRS) employee records for changes in radiation doses and monitoring practices, by race and sex. Segregation of jobs by race and sex diminished but remained pronounced in recent years. Female workers were less likely than males to be monitored for occupational radiation exposure [odds of being unmonitored = 3.11; 95% CI: (2.79, 3.47)] even after controlling for job and decade of employment. Black workers were more likely than non-black workers to have a detectable radiation dose [OR = 1.36 (95% CI: 1.28, 1.43)]. Female workers have incomplete dose histories that would hinder compensation for illnesses related to occupational exposures. The persistence of job segregation and excess radiation exposures of black workers shows the need for further action to address disparities in occupational opportunities and hazardous exposures in the U.S. South.
INTRODUCTION
The division of labor in the United States by occupation and industry has a clear racial and gender structure. This structuring of employment in the U.S. tends to lead to concentrations of black workers in inherently dangerous types of jobs that involve hazardous and/or unpleasant working conditions [1, 2] . Even between workers holding similar jobs, there are often racial and gender differences in occupational hazards [1, 3] . One study which examined coke oven workers in the 1950s found that a higher percentage of black workers had long-term employment in topside positions (where the highest exposures occurred) than white workers [4] . Compounding these differences, women and African-American men were less likely to get high-paying, salaried positions than white men [3, 5] . Therefore, female and African-American male industrial workers received less compensation for exposure to workplace hazards than white males [3] .
In the U.S. South, de jure racial segregation persisted into the 1960s. During the 1950s -1970s, social struggle spilled into every aspect of life, including labor, organizing around the civil rights movement and later sparking the resurgence of the modern women's rights movement [1] . In the 1950s, African-American workers were often made to train white workers for skilled positions that were off-limits to them due to segregated systems of promotion and inequalities in formal education [2, 3, 6] .
Recruited into higher paying industrial jobs during World War II, women were laid off or pressured by management to quit after men returned from the war in 1945. One sample of women working in the early 1940s at a Ford manufacturing plant showed that over half received good performance ratings, but most of those who did not voluntarily quit were laid off after the war [7] . For African-American women, it was rare to be hired for industrial work at all before the 1960s [3] .
Mandating improvement of working conditions and hiring policies, Title VII of the Civil Rights Act of 1964 aimed to liberate all workers from "any discrimination based on race, color, religion, sex, or national origin" [8] . The restructuring of the industrial workforce by race and gender opened jobs previously inaccessible to women and people of color. Despite the increase in opportunities for women and African-American men, however, these workers were still placed in more dangerous work environments than their white, male counterparts. Interviews with former workers revealed continuing evidence of racial inequalities, including lack of proper safety training and equipment for African-American workers [1, 3] . In southern paper mills, the backlash against desegregation by white workers often included physical and verbal threats to black workers, refusal to assist and train new black workers entering "white jobs," and sabotage of new workers' equipment [3] . A study of workers in North Carolina (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) found that African-American men had higher fatal occupational injury rates compared to white men even after adjustment for employment patterns [9] . Women were still unwelcome in the traditionally male jobs and were often "hazed" by removal of safety equipment from their work areas or by placement in the dirtiest, most labor intensive positions [5] .
In this article, we evaluate the jobs and radiation exposures of workers employed from 1951 to 1999 at the Savannah River Site, a large U.S. Department of Energy (DOE) nuclear weapons facility located in the Southeast U.S. The Savannah River Site (SRS) was built in Aiken County, South Carolina, across the river from Augusta, Georgia. When SRS began operating in 1951, Aiken County was predominantly rural. The facility attracted a diverse mix of laborers, scientists, clerical, and administrative workers-all necessary for the task of building nuclear weapons-from both within and outside of Aiken County. The nuclear weapons facility brought the residents of Aiken County higher paying job opportunities with federal employment benefits. SRS created over 10,000 new jobs during its first decade of operation. The facility's location and status as one of the area's major employers through the civil rights movement makes it an appropriate setting for studying how social struggles may have impacted occupational exposures.
Of particular interest in these analyses are the employment and radiation exposure experiences of female and black workers in the U.S. nuclear industry during this time of social transition. The study encompasses a diverse range of occupations, and the majority of workers were individually monitored for radiation exposures. These records provide quantitative annual exposure estimates collected over nearly five decades.
MATERIALS AND METHODS
To maintain comparability with previous studies of SRS workers, we examined occupational records from the same cohort of 18,883 workers employed for at least 90 days between January 1, 1951 and December 31, 1986 with complete information on name, social security number, sex, and dates of birth and hire [10] [11] [12] . No workers were lost to follow-up during employment. Although SRS used many temporary workers and subcontractors, only permanent employees of E.I. du Pont de Nemours and Company (Du Pont), the company that managed and operated the plant until 1989, have been included in this cohort [13] . Of the 21,204 people hired by Du Pont between 1950 and 1986, 1,355 temporary workers (employed < 90 days) were excluded, and 251 workers were excluded due to missing information on date of birth, sex, or date of hire [12] . Workers known to have been employed at another U.S. Department of Energy facility (n = 715) were excluded since dose history from other facilities was not available.
Demographic characteristics of Aiken County (location of SRS) were obtained from the U.S. Census Bureau records [14] [15] [16] [17] [18] .
Estimates of occupational exposures to ionizing radiation from external sources were derived from personal dosimeters designed to measure shallow and penetrating doses. Previous studies describe the data in more detail and have assessed their reliability for use in epidemiologic studies [19] . Annual whole body ionizing radiation dose estimates (in milliRem, mRem) were compiled for the period January 1, 1951 and December 31, 1999 from site records.
Demographic information, job title, and pay code (monthly, weekly, or hourly-paid) were abstracted from payroll and employment records. A single job title for each year was assigned based on the longest held occupation in that year. As in previous studies, the variable "pay code" (monthly, weekly, or hourly) was assigned based on pay status at first hire and was used as a measure of socioeconomic status. Hourly workers held unskilled and skilled technical jobs, weekly workers held clerical and office positions, and monthly workers filled professional positions.
We constructed an analytical file with one record for each calendar year in which an individual was employed; we refer to this as a work-year. For the regression models, we considered both fixed and time-dependent predictor variables. Race, gender, and pay code were fixed. Job title, calendar period, annual radiation dose, and radiation monitoring status varied over time. Race was coded dichotomously as black and non-black (referent) since 99% of the cohort members were classified as either "black" or "white." Pay code was highly correlated with job title, and thus was dropped from all models. Detailed job titles were classified into 33 major occupational categories and codified based on the 1980 U.S. Census of Occupations. Job title was entered into the model as a classification variable with general service operator as the referent due to the large number of work-years contributed by workers in this job category. Work-years with unrecorded job titles were excluded from all regression models. Since dosimeter technology and annual exposure trends varied more between than within decades, calendar period was categorized into decades and coded using indicator variables.
We first evaluated predictors of whether or not employees were monitored for radiation exposure. An employee was considered monitored during a work-year if a whole body radiation dose was recorded for that year. We looked at preliminary trends in monitoring over time for each demographic group. Then using logistic regression, we examined the effects of gender and race on odds of being monitored with adjustment for job title and decade. Because the work-years represent multiple observations per person, we used a Generalized Estimating Equation (GEE) to account for clustering by person with an exchangeable correlation matrix, assuming more variation between subjects than between work-years for one subject. We modeled the combined effects of race and gender by adding an interaction term to the adjusted GEE model and calculating the odds ratio for being monitored for each demographic group using non-black males as the referent.
The next outcome examined was whether workers' annual whole body radiation doses were above or below the detection limit. Work-years with missing dose-estimates (considered in the previously described monitoring analysis) were excluded from these analyses. If all of a worker's dosimeter results in a year were below the detection limit, his or her annual dose was recorded as zero. Annual doses greater than 0 mRem are referred to as "exposed," and those equal to 0 mRem are referred to as "unexposed." We first examined changes in mean annual doses over time for each demographic group. Then, since we were interested in comparing annual rather than cumulative exposures, we analyzed the effects of gender and race on odds of being exposed using multivariate logistic GEE regression models adjusted for job title and decade with an exchangeable correlation matrix. Using these models, we also quantified the magnitude of effect measure modification (EMM) between gender and race on exposure status. GEE logistic regression models were run to estimate effects of gender and race on odds of having an annual dose greater vs. less than 50 and 300 mRem, after adjustment for job title and decade. The cut point ( > 50 mRem) represents doses clearly over the maximum dose recording threshold (30mRem) for any time point in cohort follow-up [19] . For further reference, the average background exposure for a resident of the United States, recently estimated to be about 300 mRem annually, was chosen for the final cut point [20, 21] .
RESULTS
Over 50% of SRS cohort members were hired during the 1950s. Between the 1950 and 1960 census, Aiken County's population grew by 52.5%, while the proportion of black residents decreased from 36.3% to 26.3%. In addition, the median income in Aiken County for a family of two or more people increased by 157% from 1949 ($1,912) to 1959 ($4,913) compared to a 99% increase (from $1,921 to $3,821) in the median family income for the state.
Only 5.4% of new hires in 1950 were black despite the fact that at the same time, over one-third (36.3%) of the population of Aiken County was black. One-third of all new hires in the 1970s were black, compared to less than one-fifth in every other decade. In contrast, about a quarter (range: 23.9%-26.3%) of Aiken County's population from 1960 to 1990 was black.
Though the percent of new hires who were black males was less than the percent of black males in Aiken County in the 1950s and 1960s, 22.7% of new hires in the 1970s were black males compared to 11.4% of Aiken County residents. In 1967, the number of black male workers hired surpassed the number of non-black females hired. In the 1980s, the proportions of black males in both populations were approximately equal [14] . In the 1950s and 1960s, non-black males were greatly over-represented among new hires at SRS (82.0% in the Fifties and 70.5% in the Sixties) compared to the Aiken County population (31.3% in 1950 and 36.5% in 1960). In the 1970s and 1980s, slightly more than 50% of all new hires at SRS were non-black males though the proportion of non-black male Aiken County residents remained similar to that in 1960.
Although the county had more female than male residents in every decade of follow-up, only 12.6% of workers hired in the 1950s were female. The proportion of female new hires at SRS steadily increased to 29.0% in the 1980s. Only one black female worker was hired in the 1950s. This group also represented the smallest number of new hires in every other decade (range: 2.9%-10.7%), despite making up 12.6% to 13.8 % of Aiken County's population from 1960 to 1980. For every decade, the proportion of non-black females hired at SRS was approximately half of the proportion of non-black females in the Aiken County population.
Between 1951 and 1999, the cohort contributed 277,735 work-years. Most work-years were contributed by non-black males (75.5%) and over half of all work-years were from hourly workers (50.6%). The largest percent of work-years accrued during the 1980s (25.8%). The limited number of work-years during the 1990s (12.9%) was directly related to the cohort entrance criterion (workers hired before 1986).
Less than 5% of work-years had unrecorded job titles. Non-black males were employed in almost all possible occupational categories (33 total) in every decade of follow-up (1950s through the 1990s). In contrast, black males were employed in only 11 different categories in the 1950s and 18 categories in the 1960s. Since the 1970s, black male workers have attained work in an increasing variety of job types (> 25) including managerial, supervisory, scientific, and engineering positions. Female workers were typically hired as clerical workers or technicians before the 1970s but later attained positions as radiation monitors and supervisors in the 1980s and 1990s. Non-black females were employed in < 15 job categories in the 1950s and 1960s, with a sharp increase in job variety in the 1970s, bringing them almost equal to the men by the 1980s. Though in the 1960s, black female workers were still only employed in five job categories, they had the largest increase in job variety over time. In the 1970s and 1980s, the number of job categories held by black females rose sharply, though never equaled that of non-black females in any given decade.
The shift in employment demographics was also reflected in changes in professional status for black and female workers. Figure 1 illustrates the changes in pay code at first hire for each demographic group over time. Pay code was recorded for all workers. Women were typically paid weekly and worked in clerical positions. However, a greater percentage of female SRS workers were hired into hourly and monthly-paid positions during the 1980s and 1990s. Nonblack males had the highest percentage of monthly-paid workers, representing most of the "white collar" jobs, throughout all five decades. Black male workers were typically paid hourly and held more "blue collar" positions, though they were hired into more monthly and weekly-paid positions starting in the 1970s.
At SRS, 7.3% of work-years were unmonitored. Figure 2 shows that monitoring was more complete for all demographic groups during later years of follow-up. Non-black female workers had large proportions of work-years Table 1 ). Nonetheless, black female workers had almost twice the adjusted odds of missing a dose compared to non-black males. Figure 3 graphs the average annual radiation dose for Savannah River Site workers by demographic group. Black female workers had the highest annual mean dose of any demographic group, 718.3 mRem in 1968. From the late 1970s until the mid 1980s, black workers of both sexes received higher average annual doses than non-black workers. Over the entire study period, the crude mean whole body dose was highest for non-black male workers (222.1 mRem, SE = 464) and lowest for non-black females (64.5 mRem, SE = 217). Black female workers had a higher mean dose (99.3 mRem, SE = 270) between 1951 and 1999 than non-black females; however, black male workers had a lower mean dose (188.5 mRem, SE = 392) than non-black males. In the late 1990s, the mean annual dose for all four groups was close to the recording threshold.
Controlling for job and decade, female workers had lower odds [OR = 0.75 (0.70, 0.79)] of having a detectable dose (> 0 mRem) than male workers. Black workers had higher odds [OR = 1.36 (1.28, 1.43)] of detectable dose compared to non-black workers, controlling for job and decade. Table 2 reports the adjusted odds of having a recorded whole body dose above 0 mRem, 50 mRem, and 300 mRem. Non-black female workers had the lowest odds of having an annual whole body dose > 0 mRem and black male workers had the highest odds. Black men had higher odds of being exposed at lower doses compared to non-black men. After controlling for job and decade, non-black women had lower odds than non-black men of being in the higher dose category at every cut point; however, black women had higher odds than non-black women of being in the higher dose category at every cut point (see Table 2 ).
DISCUSSION
There is a large body of literature describing segregation of labor, positing impacts on occupational hazards. However, rarely do we have the opportunity to investigate questions about the impact of racial and gender discrimination on the magnitude of occupational exposures. The nuclear industry is unique in that large groups of workers were systematically and individually monitored for radiation exposures. SRS is interesting as a federal facility, located in the southeastern United States, with employment and occupational radiation monitoring records dating back to the early 1950s.
Labor was highly divided by gender in the 1950s and 1960s, with women mostly hired for clerical work at the SRS and elsewhere. The difference between the predominant pay codes given to women (weekly) versus men (hourly and monthly) also testifies to the division between male and female workers. The "family wage" was ideally contributed by men as the breadwinners of the family, while women were considered dependents and temporary workers, not in need of a steady salary or decent wages [6] .
Our findings suggest that job opportunities opened up to black and female SRS workers over the last three decades of cohort follow-up. However, even in the 1990s large racial differences remained in pay code, an indicator of socioeconomic status. For example, 3.7% of black men, compared to 23.7% of non-black men, held monthly paid jobs (see Figure 1 ). Furthermore, racial and gender issues related to radiation safety monitoring and work environment lingered. The highest odds of being unmonitored for radiation exposure were found in non-black female workers even after controlling for job and decade, whereas black male workers had lower odds than non-black males. The greater completeness in monitoring for black males is consistent with their higher average doses given that health physics staff tended to focus monitoring efforts on those with higher exposure potential.
At the Savannah River Site, the mean annual whole body dose of ionizing radiation for female workers rose until 1982. This may indicate the entry of women into jobs from which they were previously excluded. Unfortunately, gaining more equal status with men in the workplace also meant that women endured higher occupational exposures. Controversy arose over how low to set the maximum allowable dose for women with reproductive potential [22] . After much disagreement over how much radiation exposure would be harmful to a developing embryo, regulators decreed that the dose limit for an embryo or fetus should not exceed 500 mRem [22, 23] . To put this in perspective, the increased risk of childhood leukemia following in utero exposure has been estimated to be approximately 50% per Rem [24] . In 1991, the U.S. Supreme Court ruled that companies could not ban women from "hazardous jobs," a practice which many companies used to avoid the costs of implementing special safety measures for women of reproductive age [5, 25] .
Overall, male workers at SRS had higher odds than female workers of having a detectable whole body dose in a given year even after controlling for job and decade effects. Due to previously mentioned suspicions that ionizing radiation posed risks to women of reproductive age, women may have been protected from work tasks that involved detectable levels of radiation [5] . When the gender groups are stratified by race, however, the odds of black female workers being in higher dose categories were comparable to non-black males and higher than the odds for non-black females. On the contrary, non-black female workers were less likely to have a detectable dose than non-black males. Racism and class differences may help explain why black female workers were more likely to accrue higher radiation exposures than non-black females, despite the low levels of radiation typically received by female workers [6] .
In general, black workers had higher odds than non-black workers of the same gender of having an annual dose > 0 mRem and > 50 mRem after controlling for job and decade. For black men, this association was closer to the null as the dose cut point increased. One interpretation may be that jobs which regularly received the highest doses were very skilled jobs not traditionally open to black male workers and female workers. For all categories, the confidence intervals increased as the dose cut point increased, due to the small sample sizes in the higher dose categories. Since job titles were assigned by human resources for administrative purposes, job title and work task were not identical. Hence two people might have had the same job title and yet could have performed different tasks with different exposure potentials.
For the purposes of our study, workers with no recorded radiation dose for a year were considered unmonitored for that year. Unfortunately, employees without dose records must rely on dose reconstructions as evidence in compensation claims for cancers that may have resulted from occupational radiation exposure [26] . Our study suggests that unmonitored workers were likely to be female. A recent mortality study of SRS employees found that female workers had more deaths than expected from kidney and skin cancer [11] .
Odds of being exposed and monitored are highly affected by the employment period. Naturally, trends in mean annual radiation doses were influenced by demands in production. The dwindling mean annual doses of all workers after the late 1980s, parallels decreases in demand and production caused by the thawing of Cold War tensions [27] . In 1988, three reactors were closed, and the U.S. Environmental Protection Agency (EPA) started regulating SRS a year later [13] .
Changes in regulations may have affected both the average doses and the monitoring procedures. Although since the recorded, average annual whole body doses for SRS workers in every decade remained below even the current occupational dose limit enacted in 1991, it is unlikely that earlier changes in dose limits greatly affected these doses [22, 23] . Workers were monitored monthly and annually by film badges, until 1970 when they were replaced by the more accurate thermoluminescent dosimeters, further improved in 1982 [13] . The advances in dosimeter technology may have affected the accuracy of the actual recorded doses; however, they are not expected to have changed the relative dose differences comparing one worker to another within the same time period.
We focused on long-term, permanent, contract, nuclear workers. SRS employees who were employed for < 90 days or those employed by subcontractors were not included in our analysis because dose records for these workers were often unavailable or unreliable. Temporary workers and subcontractors, however, were often hired for "planned special exposures," cleaning or production tasks that involved high radiation exposure potential (up to 10 Rem at a time and 25 Rem in a lifetime) to prevent permanent workers from reaching their dose limits [22, 23] . This population is often left out of occupational radiation research due to a lack of records and difficulty of tracing mobile populations. However, these workers may be more vulnerable to race and gender discrimination than long-term workers.
In addition, our study focused on the information that we could glean from occupational records, including dose and monitoring history and pay status. We are unable, however, to determine the provision and usage of personal protective equipment (PPE). One history of the Savannah River Site asserts that safety was "always of key importance to Du Pont" and indicates that workers received at least some of the protective equipment free of charge [13] .
Since each worker's occupational information was summed up for each year, the longest job title in that year was recorded for each worker. If a worker was removed from his or her position early in the year after reaching the maximum allowable dose limit, the annual dose attributed to that worker's longest job title may be higher than expected for that job title. However, since only three recorded whole body doses were > 5000 mRem in one year, the potential for misclassification of job title by exposure is restricted to these three work-years.
CONCLUSION
The Savannah River Site data revealed evidence of job segregation that persisted after the passing of Title VII. Title VII codes took some time to implement, given the slow process of integration. Historical research suggests that the struggles of the civil rights movement extended well beyond the 1960s and are carried on today in the "long" civil rights movement [3, 6] .
Continued monitoring of SRS workers is necessary to maintain safety standards with regard to protection of vulnerable workers. As the demographics of the South change with the influx of Hispanic immigrants into rural communities, public health officials must be especially vigilant to enforce proper safety training and safety equipment orientation for new workers in their native languages and equal radiation monitoring for all nuclear workers. Future studies may reveal whether jobs at SRS today are equitably distributed among workers regardless of race and gender and whether monitoring of workers continues to improve. It is time to move past integration to fully ensuring an equally safe work environment for all workers. 
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